wRL"‘l F ARV B et -, - LA M T =
080 ]
- \ 2271824~

REFERENCE COPY ) ST
¥ ! -

L EPED

] i m

f: l ol l““l i h I l'“ (l il “ “ ll “"

REPORT NO. 1080
SEPTEMBER 1959

. STREAK INTERFEROMETRY

F. D. BENNETT
D. D. SHEAR
H. S. BURDEN
PROFERTY QF U.S. ARLY

STINTO BRAUCH
BRL, APG, ID. 21003

:.‘-:..r-,-f-'.'".‘:;‘g;:-f:-‘ e _a kT hmIn mem et mae s e "7 g 2e

. DEPARTMENT OF THE ARMY' PROJECT NO. SO03~-03-00QI
' i ORDNANCE RESEARCH AND DEVELOPMENT PROJECT NO.TB3-0I108 POy
I [l BALLISTIC RESEARCH LABORATORIES $3¥

{ -; LS j_k-

ABERDEEN PROVING GROUND MARYLAND



BALLISTIC RESEARCH LABORATORTIES
REPORT NO. 1080

SEPTEMBER 1959

STREAK INTERFEROMETRY

¥, D. Bennett
D, D. Shear

Ha 5. Burden

PROFERTY OF U.3. ARdY
STINFO BRANCHE
BRL, 4PG, LD. 21008

Department of the Army Project No. 503-03-001
Ordnance Research and Development Prolect No. TB3-0108

ABERDEEN PROVING CGROUND, MARYLAND




BALLISTIC RESEARCH LABORATORIES

REPORT NO. 1080

~ FDBennett/ DDShear/HSBurden/vmt
Aberdeen Proving Ground, Ma3.
Beptember 1959

STREAK INTERFERCOMETRY

ABSTRACT

A modification of the Mach-Zehnder interferometer is described which
pernits streak lnterferometry of trenslent axi-symmetric flows. Exemples
are shown of interferograms taken of flows produced by exploding fine
metallic wires. Prominent features of the interferograms include 1)
clearly defined shock waves, 2) a narrow, transparent, flow reglon behind
the strong shock where fringes may be seen, 5) an opaque reglon presumed to be
caused by the dispersed metal and 4) luminous regions assoclated with the
second shock wave and electronic excltation of the material near the axls

of symmetry.






1. INTRODUCTION

We report here a new interferometric technique which allows extension
of the methods of ges flow interferometry to the study of unsteady,
eylindrically symmetric, gas flow phenomena with varylng amounts of self-
luminosity.

Ladenburg and Bershaderlgive a comprehensive review of the optical
techniques used in the double beam interferometry of plane and axi-symetric
supersonic gas flows which are independendent of time. By these methods
density may be obtalned throughout the entire fleld of flow. Once density
values have been fourd it is possible with the help of the fundamental
equations of fluid flow and some additional assumptions to compute streamlines

1
in the flow field and values of velocity components and pressure »2

Until recently the épplication of interferometric techniques to transient,
time-dependent flow phenomena such as occur in chemical explosions, electric
sparks, exploded wires, etc. seemed to be limited to short time interval -
pictures of particular chosen phases of the phenomena. These are troubled
by light infensity diffieulties and poor resclution imposed by the necessity
of "stopping" a high speed phenomenon with a brief flssh of light.

By the technigue we describe here it i1s possible to obtain in the x-t
plane of the .image of the transient disturbence, interferometric data comparable
in quality to those obtalned hitherto only for steady flow phenomena.

P; EXPERTMENTAI, METHOD

2.1 B8treak Backlighting

The pogslibility of streak interferometry was first appreciated at the
time that a technique of streak backlighting was developed for the study of
exploding wiresB. Streak backlighting of axi-symmetric exploding wire
ﬁhenomena is obteined by placing s plague of closely-spaced, reflecting wires
behind the disturbance and normal to the optical axis of the streak camera.
When viewed through the slit one sees both s small portion of the transverse
wire and the spaced spots of light reflected from the short sections of
plaqﬁe wires visible through the slit. When this imsge, illuminated by the wire
exﬁlosion, is swept by the rotating mirror, there appesrs on the film a Ber;es

of parallel streaks each of which 1is interrupted by the refractive effédts.
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caused by the shock wave through which the light must pass. Except in the
immediate vicinity of the shock wave the streaks of light are both undeviated

and of uniform size, indicating the well-known fact that refraction effects are
negligible except at the shock wave. There, however, the details of the
refraction indicate. that as the rotating mirror sweeps the image, the light ‘
spots are capable of writing on the film with both high speed and high resolution.,

Tn principle there 1s no difficulty in replacing the backlighting .
" reflectors by a system of parallel fringes formed by an interferometer. In
this case, as the mirror sweeps, the fringes will write combined refraction and
retardation fringe shifts on the film, with speed and resolution limited by -
the light intensity, which places a maximum on the allowable mirror speed, and
by the width of the viewing slit. To realize experimentally such a situation
requires more complex instrumentation than that necessary for streak back-

lighting alone.

2.2 Modifications of the Mach-Zehnder Interferometer

We stait with the basic elements of an interferometer for'stud& of
supersonlc projectiles in free flight; viz., a light Sourcg, mbnochrémator,
Mach-Zehnder interferometer with 2" field, and rotatiﬁg;mirror c&mefg. This
instrument has been described briefly in connection with aﬁ adaptation of & heated
B-H6 mercury flash tube used as a light saurce . We show: in Fig. 1l a sketch
of the ottical arrangement includiﬁg the interferometer and rotating-mirror

camerea.

For streak analysié, the interferometer is modified by the addition of
two auxiliary slits, one in each beam as shown in Fig. l. The slits are
located at approximately equal optical distances from the camera objective lens
and perpendicular to the parallel fringe system formed by the interferometer.
For clearest fringes from a given circular source, the interferometer is
adjusted to form fringes perpendicular to the plaﬁe of centers of its elements.
Therefore the auxiliary slits are parallel to, or lie in, the plane of centeérs.
The slits are ddjusted so that their images coincidevas'seen‘by the rotating.
mirror camera. A s8till plcture with this adjustment would show & singié'“
vertical slit crossed by evenly spaced light and dark bars representing the
fringes, With this adjustment of the interferometer, the source of the




disturbence, in our examples a thin, cylindrical wire, 1s piaced several
centimeters behind one of the slits and perpendicular to both the nptical 3
axls of the camera anddthe slit itself.

2.3 Light Squrce

Since the mnterferometer is in effect backlighting the disturbance with
a system of fringes, the need is for a bright flash of light of comparatively
long duration. ‘For the phenomena examined here the duration should be 15 psec
or longer, or more than twice that of the heated flash tube described 1n
Reference 4. To achieve the necessary lengthening of flesh, inductance is
added to the flash tube circuit in the form of & helix of heavy wire. In the
circuit finally used, the tube recelves a pulse from & condenser of 1/2 ufd
charged to about 6-9 kv. At higher voltages the tube will frequently break
under the internal pressure developed during the pulse. Triggering is
accomplished by a spark gap with rounded cylindrical electrodes, and a coaxial,
tickler electrode gimilar to those used in spark shedowgraph appliqationss’é.
The monochromator is usually set on the 4258A line of Hg and the slits opened
until no more than 50 clear fringes are obtalned in the interferometer during

a flash exposure.

2.4 Synchronization of Light Source and Disturbance

The success of the method requires & technique whereby the disturbance
and the interferometer backlighting can be made to occur in either order and
separated by a small, reproducible time interval. Good results are obtalned
using two pulse transformers designed’. with 35 to 1 ratio to give a 15,000
v pulse with a rige time of 0.1 psec. With the primaries connected in
parallel to the same thyratron triggering circult, events initiated by the
secondaries cen be made to occur with a delay due to triggering of about

0.4 psec’, _ .

In the present application a far longer delay of about 1.5 psec occurs
in the B-H6 tube circult due presumably to comparatively slow current rise
and slow increase of light output. For this reason a more satisfactory method
follows if we employ the pulée transformers as above but raise the voltage
on the B-H6 tube, main triggering gap until breakdown occurs. The reflected
pulse sets off the thyratron which then triggers the disturbance gap.

7 B
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2.5 The Exploding Wire

.For streaX interferométry the disﬁurbance needs only to be exisymmetric
ahd reason&blg'transparent. The exploéion of a fine cylindrical-wireqanswers,
both these requirements and in addition exhlbits both luminous and opaque regions
in the same flow. The disturbances shown ‘here as examples are produced by
exploding fine cylindrical wires of copper about 1/2" long and 345 mils -
in diemeter. An 0.% pfd‘condenser at 8-12 kv provides the current pulse for_
the wire explosion. A triggering gap simllar to that used'on the light g
source provides a means of Initlating the phenomenon. '

%, STREAK INTE_RFEROGBAMS

TR Ekaﬁples

We show in Fig. 2 .a streak plcture of the exploding wire elone. The 3.8
mil .copper wire (1.19 cm long) exploded at 8 kv with 16 joules stored energy _
shows e relatively amall region of luminosity at the tip. ‘On the other hand, the

inward trajectory of the qgcond.wave is fairly clear and its .wedge-shaped

outward path after reflection is the most prominent luminosity of the:phoﬁograph.
‘This 1s'in‘66nt:ast to’experimental reéults of'an'earlier paperawhere the Pront
shock 1s extremely bright at the aﬁex of the flash and the second shock 18"
‘partially obscured by the subsequent decaying luminosity.

Fig. 3 shows a streak interferogram taken under conditions similar to-
those of Fig. 2. The front shock-ﬁavé is visible for about 10 usec and
' fringes may be seen behind 1t down to the boundary of a fairly definite
opaque region which appears to define the contact surface between the metal
vapor and the amblent air. At later times the density of the metal vapor
decreases enough so that fringes égain can be seen. Near the axis, lumlnous -
pPhenomena appear which represent &n‘unsymmetrical second shock pattern with

some complicating features which are unexplained at present.

In Fig, 4 we see a 3.8 mil wire at slightly higher energy. Here the
same general features are visible except that the initiél flash is more . .
luminous and the second shock is well formed. The éemiec;rculaM'spot above' : .
the wedge-tip of the seéond shock is a reflection from some part of the -
-apparatus and should be digregarded.

I
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In Fig. 5 we shovw a stresk interferogram of a S5-mll wire at 25 Jouleé_
stored energy. The energy per unit volume of wire 1s slightly less than in
Figs. 3 and 4. One notices that the flash is not very luminous and the épaque
region 1s especially well defined. No luminous second shock appears. The semi-

circular spot is spurious and agaln should be disregarded.

Finaily in Pig. 6 we exhibit a single fringe interferogram of a 5-mil wire
at higher energy density than any of the previous figures. The first and second
shock waveacare consplecuous. The fringes behind the front shock show the
axisymmetric nature of the flow. The symmetry is less perfect than that
obtained around projectiles in free flight; but nevertheless, sufficiently

good so that data reduction for such a flow may be attempted with expectation of
reasonably accurate values.

The shadow of the wire may be seen for nearly a microsecond before the
" flash (and also in Fig. 5); Its constancy in dlameter during this Interval
suggests that a dark-pause expandion, as found by Mﬁillerg, 1s not present
in this cese. A

3.2 Problems of Reduction

Methods of converting fringe shift values to densities are quite well
worked out for axisymmetric flows of ideal gasesl’lo. In the present .cases
several problems arise that will necessarily require a more elaborate reduction
method than any given previcusly. We shall discuss these problems brilefly and

give an indication of probable conditions under which successful reductions will
be possible.

One of the immediste problems facing the experimenter is to identify
the fringes inside the shock wave, that is to number them correctly for
comparison with the undisturbed fringes.»ffor axisymmetric disturbances the
fringes must be continuous in passing thrbugh the shocklos while, in contrast,
the fringes show a discontinuilty in passing through a plane shock. The
theoretical expression for fringe shift is based on the assumption that the.
rays are undeviated bj the density changes but merely retarded.’ For modersate
shock waves (M 23) in weakly refracting substances like gases, thisAassumpbion
is reasonably well fulfilled; nevertheless even in these cases, calculations
of the refraction effect ¥ indicate that errors 1n the fringe shift of the
order of one fringe can occur just inside the shock wave and that ﬁhe sign of

thé error depends on the position of the plane of focus in the disturbance.




In the present cases the flow field is bounded by a strong shock in most
of the visible reglon. That is to say that the shock Mach number is larger
than 3 for t£6 usec and greater than 10 for t£0.5 psee. .Thus the density
Jump at the shock 18 greater than h for most of the visible region, in contrast

to the smaller valnes ugsed in previous estimaiionsll.

If we assume that the density Just behind a strong‘cylindrical shock

. remains constant, then fringe shifts of the order of 10 can arise in passing
through the shock before 5% of the shock radius has been traversed. In Fig. 3
for example, the fringes near the shock are very densely compressed and one

is able to count in the expansion region as many as 10 clear fringes thaﬁ
sppear to leminate in the small band just behind the shock.

Attempts made to estimateyfringé shift on the assumption of constant.
density behind the shock appropriate to its local Mach number, have glven
conflicting values for the s&me'frihgé encountered at dilfferent trace posit;ons,
that is at different values of t. ‘It 1s sﬁspeéted that this technique fails
here, even though successful aﬁ low shqck stfengthslo, beg&ﬂsé of‘reffadtion

errors too large to ignore and in the present cases impossible to estimate,

Use of a "white light" fringe system to trace the st distinct, central
fringe through the shock would offer hope of success. if the center fiinges pass
through the shock at & .late time when the shock 1s comparatively weak. Near
. the shock vertex, the fringe shift is larger than the mmber of "white light"
:Lfringes ordinarily avallable. ‘Furthermgre if the gas 1s appreciably lonized
on passing through the shock,the center of contrast of the fringe system will
be displaced an unknown amount unleess independent informstion on ion and electron
densitlies is availablela.

Since fringe shift is proportional to anmbient density, a more promising
approach is to reduce the ambient pressure at which the interferogram ie taken,
Reduction of pressure by a factor of & or 5 will reduce fringe shifts to values
previously experienced with weaker shocks, and should allow direct tracing
of fringes through portions of the shock, A vacuum apparatus’ 1s: under ' :
construction at this laboratory to test this plan of approach.

Where the shock is sufficlently strong ( M210) to excite internal
degrees of freedom .or to ionize the gas, the optical refractivity of the gaa
may be sensibly sltered from ite room temperature values 2, 3 ; however, for

B \ 10 : . ' . B




air through shocks where the temperature rise 1s not more than 5000°, (M<10),
ionization is negligible and optical refractivity 1s not sericusly affected by
the degree of dissociation, Thus, room temperature values may be used.

Considerable portions of the flow fields in Flg. 2 are already seen to satisfy

these requirements so reasonably accurate. density values may be expected.

Converqion of densilty values, through flow theory, to values of other
flow parameters such as velocity, temperature and pressure is conslderably
more difficult where excltation of internal degrees of freedom and dissociation
exist. Some results for the flow of alr, nitrogen and argon over the front
surface of a sphere at M=5 have been obtained lh. Comparlson of these cases -
shows appreciable effects due to relaxation phenomena and account must be taken
~of the real gas properties of oxygen and nitrogen. It 1s hoped that the
computational technigues used inthe blunt body, steady flow problem can be
adapted to calculation of flow varisbles in the unsteady flow fields of the

present streak interferograms.

The semi-opaque reglon clearly seen in Figs. 3, ﬂ, and 5 presente a
problem not encountered before in flow field interferometry. The symmetricel,
light-absorbing cloud is apparently caused by the expanding metal wvapor of the
wire. Fringes are seen within the edges of this region only at late times
after the expansion has proceeded almost.to itz limit, The volume swept out
by the dark cloud is of the order of 105t1mes the orlginal volume of the wire.
The state of aggregation of the metal during the expansion process 1s not known

at present. Some experimﬁntersls’l6

have collected striated, metalllc deposits
on glass slides placed near the exploding wires. Our experiments have produced
small quanti%ies of a black powder which is presumsbly metal black, i.e., finely
divided metal powder with particles of colloidal size, although the possibilty

of metal oxide powder has not heen ruled out in the present case of copper wires,

In ofder to calculate quite mccurately first and second shock wave
trajectories for the exploding wire phenomena, it is only necessary to ’
assume that the copper wire is converted into a perfect gas by the deposifion
of electrical energle. The gamma of the copper has to be adjusﬁed to
gecure a reasonable flt of the second shock wave. Thus-only & vapor of
copper needs to be assumed hydrodynamically although other evidence suggests
the presence of colloldal particles and possibly globules or Jets of molten

metal,
11




The refractive properties of a metal vapor or, of metal dispersions in air
are not well known at present. The fringe patterns given in Fig. 2 suggest
a distinet deneity change at the dark boundary. Further analysis may need
to take into account the theory of light sc&ttering and refractive index for
solutions of colloidal -particlesl8 auitably adapted to ‘the case . of metal
dispersed in a gas. j

Az

3.3 The Shock Waves

Comparison of the shock trajectories in Fig. 2 with those obtailned by the
streak backlighting or the mirror methodsa’ashows gtreak interferometry to be-
superior in producing s continuwous record over an extended period of time. ".

.. Thus, even though the detalled reduction of the interferogram presents many new
and difficﬁlt problems, the shock wave data obtalned are more complete than those-
_of either previous method. . ' |

Coordinates of points on the shocks. shown in Figsa 3.5 havé been measured
end fitted to parabolas. According to a method of shock analysisa based on
slmilarity flow theory for blast weves, the trajectory of a strong cylindrical
shock fofmed by inatantanepﬁaé enefgy feleaae along a line, at the origin of
time should.be accurately parabolic. The apparent energy releaae, E An
Joules/cm, to form the shock wave can be determined from the latus rectum of the
parabola as expresaed‘by the theory,_ ‘The experimental data for Figs. 3, h, 5
and 6 give EB to be 9.0, 9.8, 10.7 and 17.1 joules/cm respectively. When these
values are multiplied by the length of the wire (1.19 cm) and divided by the
energy stored in the capacitors, efficiencies of 67, 64, 51 end 62% are obtained
for apparent transfer of electrical to mechantiéal energy. These values are

about 10% higher than those encountered previouslys.

The physical sltuation defined by the explosion of a fine cylindricel
wire is only an approximation to the conditions of the similarity blast
wave theory. ' As a consequence the energles and efficiencles calculated above
can have only a limited validity'?, Until further investigation is made
of the problems involved, the degree .of approximation.cénnot be stated with
precision, The theoretical calculations df'Rousel7 ghow that the only region
where the flow even epproaghes similerity lies Just ﬁehind the shock wave.
From this point of view it is difficult to see why the shock should travel
as nearly & similarity flow trajectory ag it does, and why the enérgy values

12



indicated correlate well with other aspects of the electrical theory of the
exploding wire circuit,eo. Notwithetanding these uncerta.infies , the experimental
.evidence available indicates that both shock energies and efficiencies must be
approximately correct and glve a reasonably accurate indication of the transfer
pf energy from electrical to mechanical form.

I Dot~

F. D. BENNETT

D. B. Sewv

D. D. SHEAR
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Fig. 2 Streak picture of 3.8 mil Cu wire at 8 kv.
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